Interleukin (IL)-33 was recently described as a new member of the IL-1 family; members of this family have proinflammatory activity. IL-33 and its soluble receptor ST2 (sST2) have been implicated in the pathogenesis of autoimmune diseases. This study investigated serum IL-33 and sST2 in type I autoimmune hepatitis (AIH) and the relationship of these molecules with clinical and pathologic parameters. Subjects included 65 patients with AIH who were diagnosed in our hospital. The control population included 17 healthy individuals and 36 patients with primary biliary cholangitis (PBC). Mean age at AIH diagnosis was 55.5 years, and the male-to-female ratio was 6:59. Serum IL-33 and sST2 levels were significantly higher in patients with AIH than in those with PBC or controls. Importantly, immunohistochemistry revealed high IL-33 expression in liver sections from patients with AIH. In particular, serum IL-33 and sST2 levels were significantly higher in acute-onset AIH than in chronic-onset AIH. Serum IL-33 levels were positively correlated with serum total bilirubin (TB), alanine aminotransferase (ALT), and necroinflammatory activity in AIH. We performed multivariate logistic regression analysis and found serum IL-33 levels to be independent factors for severe activity. Serum sST2 levels were positively correlated with serum TB and ALT and negatively correlated with serum albumin and prothrombin time in AIH. In particular, serum sST2 levels were significantly higher in severe symptoms of AIH. Serum IL-33 and sST2 levels in patients with AIH responsive to treatment with prednisolone were significantly decreased after treatment. Interestingly, serum IL-33 level was associated with a significantly increased risk of relapse. Conclusion: IL-33/ST2 may play an important role in the pathogenesis and severity of AIH and may be a promising target for AIH therapy. (Hepatology Communications 2019;3:670-684).
A utoimmune hepatitis (AIH) manifests as chronic liver inflammation of unknown cause. AIH is generally associated with the presence of autoantibodies and hypergammaglobulinemia. (1) Histologic features of interface hepatitis, i.e., infiltration of lymphocytes, plasma cells, and macrophages, suggest that an aggressive cellular immune response is involved in the pathogenesis of AIH. (2) Abbreviations: AIH Recent studies have demonstrated that the incidence peaks at approximately 70 years of age in both men and women and that the incidence is lower in early adulthood. (3) In Japan, the age distribution of both sexes showed a single peak at approximately 60 years of age. (4) Human leukocyte antigen DR status affects the clinical features of patients with type I AIH. In Japanese patients, DR4 is dominantly associated with this disease. AIH is also associated with predominant T helper 1 (Th1) responses and decreased function and numbers of regulatory T cells (Tregs). (5, 6) Interleukin (IL)-33 was recently described as a new member of the IL-1 family; members of this family exhibit proinflammatory activity. Following cell stress or damage, IL-33 is released in either its full length or cleaved form; however, in contrast to IL-1β, IL-33 is not cleaved by caspase-1 and cleavage is not necessary for the secretion, biological activity, or release of IL-33, further suggesting that IL-33 plays a role as an alarmin. IL-33 is released by damaged or necrotic cells, leading to the activation of the immune system through IL-33/ST2 signaling. (7) The soluble receptor ST2 (sST2) molecule lacks transmembrane and intercellular domains and acts as a binding decoy receptor for IL-33; thus, sST2 regulates IL-33 activity during inflammatory responses. In vitro, sST2 production has been shown to be enhanced by proinflammatory cytokines (IL-1β and tumor necrosis factor [TNF]-α) in human lung epithelial cells and cardiac myocytes. In humans, sST2 can be produced not only spontaneously by cells in the lung, kidney, heart, and small intestine but also after activation by IL-33 in mast cells and clusters of differentiation (CD)4 and CD8 T cells. (7) IL-33 and sST2 have been implicated in the pathogenesis of autoimmune diseases. Elevated levels of IL-33 have subsequently been reported in many autoimmune diseases, including type 1 diabetes, (8) rheumatoid arthritis, (9) inflammatory bowel diseases, (10) and autoimmune pancreatitis. (11) IL-33 has been reported to correlate with liver injury in patients with primary biliary cirrhosis (PBC). (12) Notably, serum levels of IL-33 were closely associated with the degree of liver injury in patients with hepatitis B virus (HBV) infection. (13) Moreover, the evaluation of dynamic changes in sST2 levels in HBV acute-on-chronic liver failure showed that serum sST2 levels increased over time in patients who died during follow-up but decreased in those who survived. In addition, serum sST2 levels correlated with disease severity, as assessed by total bilirubin (TB), prothrombin time (PT), and the Model for End-Stage Liver Disease score. (14) In a mouse model in which acute hepatitis was induced by the administration of either CCl 4 or concanavalin A (ConA), IL-33 was clearly expressed in vascular and sinusoidal endothelial cells in CCl 4 -induced mice but was strongly expressed in hepatocytes in ConA-induced mice. (15) Moreover, other studies demonstrated that IL-33-deficient mice exhibited more severe ConA-mediated liver injury than wild-type controls, suggesting a protective effect of IL-33 in ConA-induced hepatitis. (16) A few studies have linked serum IL-33 levels to clinical outcomes in patients with AIH. Liang et al. (17) reported that the concentrations of serum IL-33 in patients with acute-onset AIH were positively correlated with hypergammaglobulinemia (immunoglobulin [Ig]G, IgM, and IgA), liver injury (gamma-glutamyltransferase [GGT]/alkaline phosphatase [ALP]), and proinflammatory cytokine levels (IL-17A and IL-4). In the liver, IL-33 is assumed to be secreted by hepatocytes and vascular and sinusoidal aRtiCle inFoRmation: endothelial cells; this secretion is elevated following liver injury, and further inflammation is induced and becomes severe. Thus, IL-33 is considered related to the severity after onset rather than involved in AIH onset. However, the roles of IL-33/sST2 in AIH remain poorly understood. In this study, we assessed the role of serum IL-33/sST2 in the pathogenesis and severity of type I AIH in Japanese patients.
Patients and Methods

stuDy population
The subjects included 65 patients with AIH and 36 patients with PBC diagnosed at Fukushima Medical University Hospital between 1986 and 2017; 17 healthy controls (HCs) were also included. Normal serum was drawn from staff members at our hospital as HCs.
The diagnosis of AIH was based on the revised and simplified International Autoimmune Hepatitis Group (IAIHG) scoring system. (18) (19) (20) The presence of serum anti-liver/kidney microsomal 1 (anti-LKM-1) antibody was detected by enzyme-linked immunosorbent assay (ELISA) using commercially available kits. Patients with chronic liver disease from other causes, particularly alcohol abuse and chronic HBV or hepatitis C virus infection, were excluded from the AIH group. Patients were diagnosed as having PBC features if they met at least two of the following three criteria: 1) chronic elevation of the cholestatic liver enzymes ALP and GGT for at least 6 months; 2) presence of serum anti-mitochondrial antibody, detected by either indirect immunofluorescence or ELISA, using commercially available kits; and 3) typical histologic findings in biopsied liver specimens. (21) Assessed data that were extracted retrospectively from the patients' medical charts included patient background characteristics ( [ANAs] ) and at remission (ALT, ALP, TB, IgG), presence of relapse, presence of cirrhosis, disease severity, and therapeutic methods. Acute AIH was defined by the presence of acute-onset symptoms (e.g., jaundice and/or fatigue and/or anorexia) in conjunction with bilirubin >5 mg/dL and/or serum ALT levels more than 10-fold higher than the upper limit of normal. The relapse of AIH was defined as an increase in serum transaminases to greater than twice the upper limit of normal (ALT level >90 U/L). Biochemical remission was defined as the complete normalization of aminotransferases and IgG. (22) Liver cirrhosis was diagnosed based on histologic findings, radiologic findings of cirrhosis by computed tomography or magnetic resonance imaging, and the presence of complications, such as portal hypertension. The demonstration of histologic cirrhosis at the subsequent liver tissue examination, radiologic findings of cirrhosis, and the development of portal hypertension or its complications in patients without these findings at presentation indicated progression to cirrhosis. Disease severity was assessed in accordance with the diagnosis and treatment guide for AIH in Japan. (23) Severe cases were defined as those that fulfilled at least one of the following criteria: (1) clinical signs (hepatic encephalopathy or a reduction in or disappearance of hepatic dullness); (2) clinical laboratory test results (AST/ALT >200 U/L, bilirubin >5 mg/dL, or PT <60%); and (3) imaging test findings (hepatic atrophy or a heterogeneous liver parenchyma pattern). Twenty patients had severe symptoms (TB >5.0 mg/dL and/or PT <40%).
Serum samples were obtained from 65 patients with AIH at the time of diagnosis before immunosuppressive treatment. Serum samples from 14 patients with AIH who had achieved biochemical remission (defined as normal serum aminotransferases and IgG levels) and 7 patients who did not achieve biochemical remission (defined as the lack of normalization of serum aminotransferases and IgG levels) were obtained during the immunosuppressive treatment and after at least 6 months of treatment. All serum samples were frozen and stored in multiple tubes at -20°C until analysis. The period from the collection of serum samples to liver biopsy was on average 9.8 ± 12.5 days.
etHiCs statement
All patients agreed to serum and histologic testing, and written informed consent was obtained. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved for the use of opt-out consent by the ethics committee of Fukushima Medical University School of Medicine. This study was performed in accordance with relevant guidelines and regulations, and all patients and control subjects agreed to undergo serum and histologic testing and have their blood stored for future research.
immunoassays
Concentrations of IL-33 in serum were measured using a Luminex Bio-Plex 200 system (Bio-Rad, Hercules, CA) according to the manufacturer's protocol. Concentrations of sST2 in serum were measured using an ELISA kit (R&D Systems, Minneapolis, MN). Each sample was measured in duplicate.
HistologiC eValuation
Fifty-nine patients with AIH and 36 patients with PBC underwent ultrasound-guided liver biopsy. Six patients were excluded from the pathologic analysis; 2 patients were excluded because of cirrhosis and the other patients were excluded because of poor health conditions, such as hepatic failure. Liver sections were stained with hematoxylin and eosin (H&E). Slides were coded and read by two pathologists blinded to patient identity and history. Histologic evaluation was performed according to the classification of Scheuer (24) and Desmet et al. (25) Grades for necroinflammatory activity (G) and stages of fibrosis (S) ranged from G0 to G4 and from S0 to S4, respectively.
Immunohistochemical (IHC) staining was performed on 4-μm sections obtained from formalin-fixed paraffin-embedded tissue samples from 26 patients with AIH and 36 patients with PBC. In most cases, immunostained samples were available from diagnostic biopsies from the original examination. A polyclonal rabbit antibody (Medical & Biological Laboratories Co. Ltd., Nagoya, Japan) against human IL-33 was used. Microscopic analysis of IL-33 was performed independently by two observers in a blinded manner; there was no discrepancy between the assessments of the two investigators. Three visual fields were chosen randomly with a high-power lens (40× magnification). All cells that were morphologically consistent with positive IL-33 staining (vascular endothelial cells or sinusoidal endothelial cells) in high-power fields of portal tracts or hepatic lobules were counted. The final evaluation was derived from the average of the nuclear staining results.
statistiCal analyses
Results were expressed as means SDs. Differences were compared using the Mann-Whitney U test and Wilcoxon matched-pairs signed-rank test. Correlations between variables were assessed using Spearman's rank correlation coefficient. To find the optimal IL-33 and ST2 cut-off level that could distinguish between severe and nonsevere necroinflammatory activity, receiver operating characteristic curves were used. Cut-off levels for the parameters were set at the points closest to 100% sensitivity and specificity. Univariate and multivariate logistic regression analyses were performed to analyze the factors related to grading of the necroinflammatory activity and relapse. All statistical analyses were performed using Prism 6.0 software (GraphPad Software, Inc.) and JMP Pro 13.1 (SAS Institute Inc., Cary, NC). P < 0.05 was considered significant.
Results
patient CHaRaCteRistiCs
Baseline characteristics of the patients with AIH or PBC and HCs are summarized in Table 1 . No significant differences were found among the AIH, PBC, and HC groups in age and sex. Liver enzyme (ALT and ALP) levels in patients with AIH were significantly higher than levels in the HCs. Compared with patients with PBC, levels of AST, ALT, TB, and IgG were significantly higher while levels of ALB and PT and the PLT count were significantly lower in patients with AIH. Among the patients with AIH, 60 of the 65 patients with AIH tested positive for ANAs, while 58 of the 63 patients tested negative for anti-LKM-1 antibodies. We were unable to examine the anti-LKM-1 antibody in two patients because the serum samples were in short supply. These patients were positive for ANA and diagnosed as type I AIH. Acuteonset AIH accounted for 44.6% of patients. Twenty patients (30.8%) had severe disease symptoms (TB >5.0 mg/dL and/or PT <40%); 11 patients (16.9%) had cirrhosis at diagnosis, and 3 patients (4.6%) developed cirrhosis. Four patients (6.2%) developed decompensation. Ten patients (15.4%) had relapse during the immunosuppressive treatments; 3 of the 10 patients with AIH relapsed after immunosuppressive The mean titer of IL-33 as measured by the BioPlex system was significantly higher in serum samples from patients with AIH (37.3 pg/mL) than in those from patients with PBC (3.7 pg/mL; P < 0.0001) or HCs (6.2 pg/mL; P < 0.0001) (Fig. 1A) . Similarly, sST2 levels were significantly increased in the serum of patients with AIH compared with the serum in patients with PBC or HCs (Fig. 1B) . In the comparison between patients with AIH with acute-(n = 29) or chronic-(n = 36) onset disease at presentation, serum IL-33 and sST2 levels were significantly higher in patients with acute AIH than in those with chronic AIH (P = 0.043, P = 0.0008, respectively).
RelationsHip BetWeen seRum il-33/sst2 anD CliniCal pResentation
The Spearman's rank coefficient analysis is shown in Table 2 . Serum IL-33 levels showed a significantly weak positive correlation with levels of TB and ALT. However, serum sST2 levels showed a weak positive correlation with levels of AST and ALT, a moderate positive correlation with levels of TB, and a weak negative correlation with levels of ALB and the PT. A comparison of the serum IL-33 and sST2 levels between patients with AIH presenting severe symptoms and those presenting nonsevere symptoms is shown in Fig. 2 . Serum sST2 levels were significantly higher in patients with severe symptoms of AIH than in those with nonsevere symptoms (Fig. 2A,B) .
RelationsHip BetWeen seRum il-33/sst2 leVels anD Histology
Although serum IL-33 levels did not correlate with the stage of fibrosis (r = 0.0016; P = 0.99), they showed a significantly weak positive correlation with necroinflammatory activity grade (r = 0.28; P < 0.05) ( Table 2) . Patients with AIH were also stratified by the progression of necroinflammatory activity (Fig. 3) . Comparing serum IL-33 and sST2 levels between patients exhibiting severe necroinflammatory activity (G3-G4) and those exhibiting nonsevere necroinflammatory activity (G0-G2) using liver histology, serum IL-33 levels in the group with severe necroinflammatory activity were significantly higher (28.0 pg/mL versus 50.8 pg/mL; P < 0.01) (Fig. 3A,B) . Results of the univariate and multivariate logistic regression analyses for factors significantly associated with severe necroinflammatory activity are shown in Table 3 . Multivariate analysis was performed with the significant factors identified by univariate analysis; IL-33 and IgG were found to be independent factors. However, no significant differences in serum sST2 levels were found between the groups with severe and nonsevere necroinflammatory activity and fibrosis (Fig. 3C,D) .
numBeR oF il-33-eXpRessing Cells in loBules anD poRtal aReas oF liVeR in patients WitH aiH anD patients WitH pBC
IHC staining for IL-33 was performed on liver tissue from 26 patients with AIH and 36 patients with PBC. H&E and nuclear staining of IL-33 in the hepatic lobules, portal areas, and hepatocytes of liver in patients with AIH and those with PBC is 
seRum leVels oF il-33 anD sst2 in patients WitH aiH FolloWing tReatment
We analyzed levels of serum IL-33/sST2 in 14 patients with AIH who had achieved biochemical remission and 7 patients who had not. Comparison of serum IL-33/sST2 levels at onset and posttreatment among patients with AIH (Fig. 5A,B) showed that serum IL-33 and sST2 levels in patients with AIH who were responsive to PSL treatment were significantly decreased after treatment. Serum IL-33/sST2 levels in patients with AIH who were resistant to treatment with PSL were not significantly decreased after treatment (Fig. 5C,D) .
CompaRison oF seRum il-33 leVels BetWeen Relapse anD nonRelapse Cases oF patients WitH aiH
Comparisons of clinical markers and serum IL-33/ sST2 levels between relapse and nonrelapse cases of patients with AIH are shown in Table 5 . Serum IL-33 levels and levels of TB and ALT were significantly higher in patients with AIH who relapsed compared with those who did not. The cut-off value of serum IL-33 used to predict relapse in patients with AIH during continuous immunosuppressive therapy was 30.03 pg/mL; this value showed a sensitivity of 85.7% and a specificity of 67.4%. The area under the curve for relapse in patients with AIH was 0.76 (Fig.  6A) . Additionally, the cumulative incidence of relapse in patients with AIH with serum IL-33 levels of >30 pg/mL or ≤30 pg/mL is shown (Fig. 6B) . Serum IL-33 levels of >30 pg/mL were associated with a significantly higher risk of developing relapse than serum IL-33 levels of ≤30 pg/mL. Results of the multivariate logistic regression analysis with the factors significantly associated with relapse are shown in Table 6 . Adjusting for confounding variables, such as age and sex, the odds ratio (OR) of developing relapse with serum IL-33 levels >30 pg/mL versus serum IL-33 levels ≤30 pg/mL was 16.8 (95% confidence interval [CI], 1.90-147.85). After adjusting for confounding variables, such as age, sex, TB, and PSL treatment withdrawal, the OR was 11.8 (95% CI, 1.01-136.46). The serum IL-33 level was an independent factor for relapse in patients with AIH.
Discussion
Previous studies have shown that IL-33 functions as an alarmin that is released following cell necrosis to alert the immune system to tissue damage. (26) Additionally, IL-33 exerts its biological effects by activating the mitogen-activated protein kinase and nuclear factor kappa B signaling pathways. (7, 27) Other studies have suggested that increased IL-33 levels correlate with the acute-phase inflammatory response in autoimmune diseases, such as systemic lupus erythematosus. (28) In our study, we found that serum IL-33 and sST2 levels were higher in patients with AIH than in HCs. Additionally, serum IL-33 and sST2 levels were significantly higher in patients with AIH with acute presentation than in those with chronic presentation. In the most recent nationwide survey of patients with AIH in Japan, patients with acute hepatitis had clinical features different from those of patients with chronic hepatitis. (4) Patients with the recently established entity of AIH with acute presentation often display atypical clinical features that mimic those of forms of acute hepatitis even though AIH is categorized as a chronic liver disease. (29) Several studies have revealed immunoserologic and histologic differences between AIH with acute presentation and chronic AIH. (30, 31) In addition, our study revealed that the elevated levels of serum IL-33 were weakly positively correlated with liver injury, as indicated by levels of ALT and TB and necroinflammatory activity grade. Multivariate analysis, performed with the significant factors identified by univariate analysis, showed that serum IL-33 level was an independent factor for severe necroinflammatory activity. Our study is the first to show a correlation between serum IL-33 levels and liver histologic findings in patients with AIH; however, we did not find a positive correlation between serum IL-33 and IgG levels as was observed in the previous study. Serum IgG levels were generally low in patients with AIH with acute presentation; these patients accounted for 44.6% of our patient cohort. Results of IHC staining for IL-33 were similar to the findings of previous reports. (13, 14) a progressive autoimmune liver disease characterized by immune-mediated destruction of the intrahepatic bile ducts. The histologic findings in AIH are known to be plasma cell/lymphocyte infiltration and interface hepatitis in the portal tract. Thus, the induction of IL-33 in hepatocytes is concomitant with cellular death or hepatic injury.
In addition, our study indicated that serum IL-33 levels were significantly higher in patients with AIH who relapsed than in those with sustained remission. Additionally, serum IL-33 levels of >30 pg/mL were associated with a significantly higher risk of relapse. Montano-Loza et al. (32) reported that serum levels of aminotransferase, IgG, and hepatitis activity were higher in patients with relapse than in those with sustained remission prior to corticosteroid therapy, and our prior studies (33, 34) showed that an IAIHG score of 17 or greater and rapid corticosteroid tapering were associated with relapse in patients with AIH. Patients with AIH who relapse more frequently progress to cirrhosis, the development of esophageal varices, and death from hepatic failure compared to those with sustained remission. (35) (36) (37) (38) Serum IL-33 levels may help predict relapse during AIH onset. sST2 acts as a decoy receptor for IL-33, attenuating Th2 inflammatory responses by preventing the binding of IL-33 to transmembrane ST2 receptors, which are involved in several T-cell-mediated diseases. (39) Previous studies have concluded that sST2 may be a useful biomarker for cardiovascular disease and inflammation, for example, heart failure and sepsis. (40) (41) (42) In addition, serum sST2 levels predict mortality in HBV-related acute-on-chronic liver failure. (14) In our study, we found the sST2 level to be significantly increased in serum of patients with AIH compared with that of patients with PBC and HCs. Compared with patients with nonsevere symptoms, serum sST2 levels were significantly higher in cases with severe symptoms of AIH, although there was no significant difference in necroinflammatory activity or fibrosis between the severe and nonsevere cases. Lipopolysaccharide activates macrophages through toll-like receptor 4, inducing proinflammatory cytokines, such as IL-1β and TNF-α, which activate fibroblasts and other cell types to produce sST2, which then binds macrophages and represses the expression of proinflammatory cytokines. (43) Soluble CD163, a specific macrophage activation marker, is reported to be markedly elevated in acute-phase AIH. (44) Therefore, sST2 may function as a negative regulator of severe symptoms in patients with AIH. sST2 is considered a decoy receptor neutralizing IL-33; thus, sST2 could perform functions opposing IL-33. The enhanced sST2 presence has been shown to inhibit the production of the type 2 cytokines IL-4 and IL-5 but not the type 1 cytokine interferon-γ. (45) sST2 could act as a moderator of inflammation, but more evidence is needed to confirm the extent of the ability of sST2 to moderate inflammation in AIH.
Previous reports have demonstrated the implication of several cytokines in the pathogenesis and severity of AIH. (46, 47) The complex interplay of several cytokines, especially proinflammatory and Th17 cytokines, and Treg suppression by IL-12p40 play a pivotal role in the pathogenesis of AIH. We previously found that serum IL-21 levels were significantly higher in severe AIH cases compared to nonsevere cases and that serum IL-21 level correlated positively with TB level and necroinflammatory activity grade. (48) Moreover, a recent study revealed that IL-21 and IL-33 are potent regulators of HBV clearance. (49) This relationship between IL-21 and IL-33 is also expected in the pathogenesis of AIH. Furthermore, the NLR family pyrin domain containing 3 (NLRP3) inflammasome pathway has been proposed to be involved in the maturation of IL-33. (50) Thus far, no evidence supports the activation of the NLRP3 inflammasome in AIH. It appears that both the NLRP3 inflammasome and the IL-33 pathway can become activated in sterile inflammation-associated liver diseases; therefore, components of this inflammatory pathway represent promising new therapeutic targets. (50) Our study has some limitations. First, the sample population was relatively small. Second, we used a retrospective design, and thus our results will need to be confirmed in a prospective study.
To our knowledge, this study is the first to determine the relationship between serum IL-33 levels and histologic necroinflammatory activity in patients with AIH. Moreover, higher serum IL-33 levels were associated with a significantly higher risk of relapse. These findings suggest that IL-33/ST2 may play an important role in mediating the pathogenesis and severity of AIH. Further research on the systemic and localized effects of IL-33/ST2 in AIH will provide a basis for targeted therapy that could benefit this patient population.
